Nucleosomes are the fundamental units of eukaryotic chromatin and can modulate the DNA accessibility for transcriptional regulatory elements. Many studies have demonstrated the effect of nucleosome organization on gene transcription level and transcriptional plasticity upon different conditions. Our recent study showed that nucleosome organization also plays an important role in modulating the plasticity of gene transcriptional status in maize. Here, we integrated our findings with previous studies on the role of nucleosome organization in regulation of gene transcription. We highlighted our recent finding that nucleosome organization plays an important role in determining the plasticity of gene transcription, beyond its role in regulating gene transcription level, particularly for intrinsically DNA-encoded nucleosome organization. We also discussed the features of sequence and structure of genes involved in affecting nucleosome organization around genes, as well as the potential mechanisms for overcoming the coupled effect of nucleosome organization on gene transcription level and transcriptional plasticity.
Introduction
Nucleosome is the fundamental structural unit of eukaryotic chromatin. Since the 147 bp of nucleosomal DNA has to wrap around a core histone octamer to form nucleosome, 1 the sequence properties, particularly the bending characteristics, can influence nucleosome formation by affecting intrinsic histone-DNA interactions. 2, 3 Many studies have demonstrated the basic role of DNA sequence in determining genome-wide nucleosome organization, which nonhomopolymeric G/C-rich sequences favor nucleosome formation while poly (dA:dT) is intrinsically unfavorable for nucleosome formation. 2, [4] [5] [6] [7] Besides DNA sequence, the in vivo nucleosome occupancy is also affected by cellular factors that can override the nucleosome sequence preferences, including ATP-dependent chromatin remodelers and transcription factors, such as activators, components of the preinitiation complex and RNA polymerase II (Pol II). 3, 8 Hence, nucleosome occupancy is highly regulated in the genome, and is often depleted in enhancer, promoter and terminator regions. 3, 8 Since nucleosome occupancy can affect the binding of transcription factors by influencing the accessibility of genome DNA, the modulation of nucleosome occupancy is an important component of gene transcription regulation. High-resolution, genome-wide nucleosome organization studies in yeast, [9] [10] [11] human, 12, 13 mouse, 14, 15 Drosophila, 16 Arabidopsis, [17] [18] [19] rice, 19, 20 and maize 21, 22 have showed that the distribution of nucleosomes around genes is associated with transcription levels. For example, the nucleosome depletion at promoter regions of highly expressed genes is generally more pronounced than that of lowly expressed genes. It has been demonstrated that nucleosome occupancy changes are closely associated with the transcriptional changes in stress response, cell differentiation and reprogramming, as well as age alteration in yeast and mouse. 15, [23] [24] [25] [26] In addition, it was also showed that nucleosome organization is associated with the capacity of genes to alter their transcription levels upon changing conditions. [27] [28] [29] Our recent study in maize suggested that nucleosome organization is associated with the plasticity of gene transcriptional status, which refers the capacity of genes to alter their transcriptional status among different tissues. 22 In contrast to constitutive genes, the transcriptional statuses of tissue-specific genes are more plastic and variable among different tissues. The nucleosome organization was demonstrated to be distinct for constitutively and tissue-specifically expressed genes. 22 Overall, these studies suggested that nucleosome organization can involve in regulating both gene transcription level and gene transcriptional plasticity, including the capacity of alteration of gene transcriptional status in different conditions and tissue types. Genes with pronounced nucleosome depletion at both 5 0 and 3 0 ends tend to be highly expressed and display low transcriptional plasticity. The nucleosome organization could not match well with the regulation of gene transcription level and transcriptional plasticity simultaneously in some situations as genes with high transcriptional plasticity might need to be highly expressed, and genes with low transcriptional plasticity might need to be lowly expressed. How nucleosome organization reconcilably affects both gene transcription level and transcriptional plasticity is not known well. In this review, we integrated our recent findings with previous studies on the role of nucleosome organization in regulating gene transcription, and highlighted our recent finding that nucleosome organization is important for determination of gene transcriptional plasticity, beyond its role in regulating gene transcription level, particularly for intrinsically DNA-encoded nucleosome organization. 22 
Nucleosome organization around genes
The genome-wide map of nucleosome occupancy obtained via sequencing the mononucleosomal DNA generated by micrococcal nuclease digestion (MNaseseq) allows us to explore the features of nucleosome organization around genes. The promoter region just upstream of the transcriptional start site (TSS) often displays low nucleosome occupancy level for a typical gene, and is called nucleosome depleted region (NDR). 3, 30, 31 The NDR in the 5 0 end of gene is generally flanked by two well positioned nucleosomes: ¡1 and +1 nucleosomes, which located in its upstream and downstream, respectively. 3, 30, 31 Several well positioned nucleosomes are also observed in downstream of the +1 nucleosome with the degree gradually decreased from 5 0 to 3 0 end of gene. 3, 30, 31 To be noted, the ¡1 nucleosome was observed in yeast, 11 human, 12 mouse, 15 Drosophila, 16 but was not identified in Arabidopsis, [17] [18] [19] rice, 19, 20 and maize, 22, 32 different with the 5 0 NDR and +1 nucleosome which are conservatively existed in these species. Nucleosomes are also depleted around the transcriptional termination site (TTS). 11, 16, 22 . Our recent study in maize showed that there is a well positioned nucleosome located immediately upstream of the 3 0 NDR of gene, 22 which is called 3 0 ¡1 nucleosome here to distinguish with ¡1 nucleosome in 5 0 end.
The nucleosome organization in 5 0 end of gene is closely associated with transcription initiation, as which can affect the binding of transcription initiation elements by modulating the accessibility of DNA. The nucleosome depletion in promoter region is important for the binding of many transcription factors, although some, like pioneering transcription factors, preferentially bind in nucleosome occurred regions. 8, 14, 30 In addition, Pol II pausing is also closely associated with nucleosome occupancy in 5 0 end of gene. 30, 31 Study in human showed that the distance of +1 nucleosome to TSS for genes with elongating Pol II is longer than genes with stalled Pol II. 12 The role of NDR and ¡1 nucleosome in gene 3 0 end is unclear, which might contribute the transcription termination as 3 0 end is the region involving the stop of transcription elongation and divorce of Pol II from the DNA. 30 The transcription elongating, accompanied by nucleosome eviction and reposition, 3 might also be affected by nucleosome occupancy in gene body.
Correlation between nucleosome organization and gene transcription level
Our recent study in maize showed that compared with lowly expressed genes, highly expressed genes typically displayed more pronounced nucleosome depletion at their promoter and terminator regions, lower nucleosome occupancies in their gene bodies, as well as further distance of +1 nucleosome to the TSSs and 3 0 ¡1 nucleosome to the TTSs, 22 which are consistent with the reports in other species. 9, [12] [13] [14] [15] [16] [17] [18] [19] [20] This general rule is not only for genes with different transcription levels within one tissue or cell type, it is also consistent with the observation in comparing the nucleosome organization of genes with activated or repressed status in different environments, development stages, ages or tissue types. 15, [22] [23] [24] [25] [26] One can imagine that the correlation between nucleosome organization and gene transcription level might be a result of nucleosome reprogramming during gene transcription. Previous studies have provided evidence that nucleosomes in the promoter of Pho5 were lost during transcriptional activation in yeast. 33, 34 Another study further showed that the dynamic change of nucleosome occupancy was linked to the transcription and chromatin regulators. 35 For instance, the stress-activated TF Msn2p is required for nucleosome eviction from its binding sites by nucleosome remodelers. 35 The ¡1 nucleosome was not observed in Pol II inactivated mutant also reflects the effect of gene transcription process on nucleosome occupancy change. 36 However, our study in maize suggested that nucleosome organization variation accompanied with the change of gene transcriptional status between shoot and endosperm, including the variation of NDRs intensity and +1 and 3 0 ¡1 nucleosome positions, can only account for part of nucleosome organization difference between genes with different transcription levels in the same tissue. 22 According to the role of DNA sequence in determining nucleosome organization, 4, 13, 22, 37 the features of nucleosome organization difference between highly and lowly expressed genes can be reproduced based on analysis of intrinsically DNA-encoded nucleosome organization. 22 Overall, the reduction of nucleosome occupancy around genes, in particularly at promoter region, and the increase of +1/3 0 ¡1 nucleosome distances to TSS/TTS are associated with the increase of gene transcription.
Correlation between nucleosome organization and gene transcriptional plasticity upon changing conditions and tissue types
In yeast, genes can be broadly categorized into two classes: "growth" genes (also known as housekeeping genes), which are continuously expressed during growth, and "stress" genes, which are dynamically expressed in different stress conditions. 38 Using 12 Hemiascomycota yeast species, Tsankov et al. found that growth genes displayed wide and deep NDRs at promoters, distinct with stress genes which NDRs are narrow and shallow (Fig. 1 ). 39 Although RNA polymerase contributes to nucleosome eviction at promoters, distinct NDRs at promoters of growth and stress genes can still be observed after inactivation of Pol II via a temperature-sensitive mutation, 36 indicating that nucleosome organization variation between the two types of genes is not just a result of transcriptional activation. This raises a question if there is other role of nucleosome organization in gene regulation besides affecting transcription level.
The capacity of genes to alter their transcription levels upon changing conditions is different for growth and stress genes. In contrast to growth genes, stress genes are more sensitive to changing condition. Some studies showed that TATA-containing genes, which are generally stress genes, displayed higher transcriptional plasticity than non-TATA genes. [40] [41] [42] The correlation of TATA-box presence and transcriptional plasticity could be explained by the effect of chromatin regulation according a later study. 27 Tirosh et al. suggested that there are two typical promoter structures associated with low and high transcriptional plasticity based on analysis of the correlation between nucleosome organization of yeast genes and their capacity to alter transcription level upon a variety of conditions, including environmental stresses, mutations, and developmental transitions. 29 In contrast to low-plasticity genes, high-plasticity genes tend to have more evenly distributed and dynamic nucleosomes in promoters. 29 It is worth to note that TATA boxes themselves can't increase promoter nucleosome occupancy, 8, 29 which suggested that the narrow NDRs in promoters of TATA-containing genes might be mainly determined by cellular trans factors or other unknown mechanism. We recently compared the nucleosome organization of constitutively and tissue-specifically expressed genes in maize, and found that nucleosome organization was also associated with the capacity of genes altering their transcriptional status among different tissues. 22 Constitutive genes, which the plasticity of transcriptional status is lower, tend to have more pronounced 5 0 and 3 0 NDRs, lower nucleosome occupancy in gene bodies, as well as further +1/3 0 ¡1 nucleosome to TSSs/TTSs as compared with tissue-specific genes (Fig. 1 ). 22 In summary, nucleosome organization around genes can affect transcriptional plasticity of genes upon changing conditions and tissue types. Nucleosome organization features of typically stress genes allow the dynamic competition between nucleosome assembly and transcription factors binding, and thus contribute to high transcriptional plasticity ( Fig. 1) . 22, 27, 29, 39 
Role of intrinsically DNA-encoded nucleosome organization in gene transcription
Nucleosome organization in vivo is determined by the combination of DNA sequence and cellular trans factors. 3 It seems that the role of nucleosome organization guided by cellular trans factors can be different with intrinsically DNA-encoded nucleosome organization in gene transcription regulation. Nucleosome organization changes induced by the action of ATP-dependent chromatin remodelers and transcription factors during gene activation are directly associated with gene transcription level change. However, static genome sequence can't encode a nucleosome organization to match with different transcription levels of any given gene. So, what is the key role of intrinsically DNA-encoded nucleosome organization in gene transcription? Study in yeast showed that intrinsic variability of gene transcription in specific environmental cues or stochastic fluctuations is encoded in nucleosome positioning sequences. 28 Although intrinsically DNA-encoded nucleosome organization was associated with transcription level, our recent study showed its association with the capacity of genes to alter their transcriptional status among different tissues is more significant. 22 Genes can display stochastic expression variation within a cell population maintained in a constant environment. 43 This variability of gene expression among individuals in same environment was called as "expression noise", and can also be affected by the intrinsically DNA-encoded nucleosome organization. 43 Interestingly, gene transcriptional plasticity Figure 1 . The model of nucleosome organization around genes with high transcriptional plasticity (A) and genes with low transcriptional plasticity (B). Brown, blue, and green circles represent the ¡1, +1, and 3 0 ¡1 nucleosomes, respectively. As displayed in model, the ¡1, +1, and 3 0 ¡1 nucleosomes of genes with low transcriptional plasticity are more well positioned than that of genes with high transcriptional plasticity. Yellow and red bulks represent transcription factors and their binding sites, respectively. As displayed in model, the 5 0 NDR of genes with low transcriptional plasticity is wider and deeper than that of genes with high transcriptional plasticity, and is more accessible for transcription factors. The deeper purple for genes with high transcriptional plasticity represents their nucleosome occupancy levels are higher than that of genes with low transcriptional plasticity in gene body. The wider gray arrow for genes with low transcriptional plasticity represents their transcription levels tend to be higher than that of genes with high transcriptional plasticity. and expression noise are coupled to some extent. 28, [44] [45] [46] [47] It was showed that gene transcriptional plasticity can serve as a proxy for noise level, suggesting they might share the same underlining mechanism. 48 Taken together, we propose that the key role of intrinsically DNA-encoded nucleosome organization is determining gene transcriptional plasticity, including stochastic expression noise, rather than gene transcription level.
Lots of DNA sequence and gene structure features affect intrinsically DNA-encoded nucleosome organization around genes. Poly (dA:dT) tracts are enriched in eukaryotic genomes, particularly in promoters. 3 It has been demonstrated that poly (dA:dT) disfavors nucleosomes formation, and the number and the length of which strongly influence nucleosome depletion in gene promoters. 3, 49 Compared to stress genes, growth genes display stronger poly (dA:dT) tracts and so more pronounced NDRs in promoters, 39 which contribute to lower transcriptional plasticity of growth genes. 3, 29, 39 Moreover, a recent study in Caenorhabditis elegans suggested that AT content of promoter sequences might influence gene transcriptional plasticity by affecting nucleosome fragility. 50 Upstream distance and gene orientation also affect nucleosome organization. 51 Genes with short upstream distance and head-to-head genes tend to have promoters with low nucleosome occupancy and flanked by strongly positioned nucleosomes. 51 Our recent study in maize revealed that gene transcriptional plasticity is associated with DNA sequence features of gene body too. 22 High AT context of exon and intron sequences contribute to low nucleosome occupancy in gene body. 22 Particularly, we found constitutive genes and tissue-specific genes displayed distinct codon usage as constitutive genes prefer codons with two or three A/T nucleotides, suggesting utilization of codon degeneracy may serve as a mechanism to affect nucleosome organization. 22 The nucleosome occupancy of intron is significantly lower than that of exon, which is consistent with the higher AT context of intron. 22 Interesting, study in human indicated that intronless genes tend to be tissue-specific, reflecting the role of intron number on gene transcriptional plasticity via affecting nucleosome organization. 52 Our study also showed that constitutive genes tend to have longer 5 0 and 3 0 UTRs than tissue-specific genes, which might play a role in forming longer distance of +1 and 3 0 ¡1 nucleosomes to TSS and TTS, respectively. 22 Potential mechanisms for overcoming the coupled effect of nucleosome organization on gene transcription level and transcriptional plasticity As mentioned above, nucleosome organization can affect both gene transcription level and transcriptional plasticity. The typical nucleosome organization of genes with high and low transcriptional plasticity is corresponding to low and high transcription levels, respectively. However, it is logical that high transcription plastic genes might need to be highly expressed, while low transcription plastic genes might need to be lowly expressed, 22 which is inconsistent with the coupled effect of nucleosome organization on gene transcriptional plasticity and expression level. A previous study demonstrated that there are two distinct DNAencoded strategies for increasing transcription level in yeast, strengthening the binding site of transcription factor which increases transcripts produced from the active state, and adding nucleosome-disfavoring sequences which increases the frequency of promoter transitions between active and inactive states. 53 Compared to the former strategy, the latter strategy likely reduces the transcriptional plasticity of genes. 53 These are consistent with the studies in human that the highly expressed intronless genes, which tend to be tissue-specific genes, 52 require a higher density of Pol II in an elongating state as compared with intron-containing genes. 54 Thus, genes might can partially decoupled the effect of nucleosome organization on transcription level and transcriptional plasticity by harboring different strategies for increasing transcription level.
The translation levels of maize genes have been measured by sequencing the ribosome protected mRNA fragments. 55 Using these data, we found that the translational efficiencies, which measured by the ratio of translation level and transcription level, of constitutive genes are significantly lower than tissuespecific genes. 22 It seems like a fitness cost-benefit conflict that constitutive genes were highly expressed but showed low efficiency of RNA utilization. We propose it might duo to utilization of different strategies for increasing transcription level is not enough for overcoming the coupled effect of nucleosome organization on transcription level and transcriptional plasticity, as supported by the observation that the transcription level of constitutive genes is significantly higher than tissue-specific genes overall. 22 Therefore, the translational regulation after transcription is also very important for obtaining the final protein abundances, which can overcome the coupled effect of nucleosome organization on gene transcription level and transcriptional plasticity.
Conclusion and future perspectives
Nucleosome organization is an important chromatin feature. The characteristics of nucleosome organization around genes, particularly for promoters, have been revealed in many species. It is demonstrated that nucleosome organization can affect both gene transcription level and transcriptional plasticity by modulating the accessibility of DNA sequence for transcription factors. The role of nucleosome organization in determining gene transcriptional plasticity is likely beyond its role in regulating transcription level, particularly for intrinsically DNA-encoded nucleosome organization. Notably, the nucleosome organization could not be optimal simultaneously for gene transcription level and transcriptional plasticity in some situations, which probably is overcame by the utilization of different strategies for increasing transcription level and the regulation of gene translation. It is interesting to further survey the possible translational regulating factors involve in modulating the final protein abundances. Poly (dA: dT) tracts in promoter, codon usage in exon, and the length of 5 0 and 3 0 UTRs are associated with intrinsically DNA-encoded nucleosome. Explore how these features were evolved will help to understand the formation of gene regulation diversity during evolution. It is important to mention that nucleosome organization is in fact exceptionally dynamic and complex in vivo. 31 Comprehensive analysis of the correlation between the dynamic of nucleosome and gene transcription level is necessary for elucidation of gene transcriptional regulation.
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